In the last 20 years, a number of non-invasive spatial mapping techniques have been demonstrated to provide powerful insights into the operation of the brain during task performance. These are, in order of their emergence as robust technologies: positron emission tomography, source localization with EEG and MEG, and functional magnetic resonance imaging. The imaging neuroscience study areas represented in this volume use the first or last of these -PET and fMRI. The physical principles underlying both of these techniques are outlined, and the important assumptions and limitations are made explicit. The range of applications for each is briefly indicated.
Functional magnetic resonance imaging (fMRI)

Basic mechanism
As its name implies, functional magnetic resonance imaging (fMRI) is a technique based on MRI 1 . This provides images of the distribution of hydrogen nuclei (protons) in tissue water. When the tissue is immersed in a very uniform, large, steady magnetic field, the protons can be resonantly excited by a radiofrequency magnetic field of the appropriate frequency. The tiny voltage induced in a receiver coil by the precessing protons is detected with sensitive radiofrequency electronics, and converted into a high resolution image of the pre-selected slice of the tissue. The MR image intensity, depends mainly on the density of water protons, and is modulated by intrinsic local properties of the tissue such as biochemical composition and magnetic heterogeneity. The latter effect is of particular importance for imaging neuroscience.
In 1990, a Bell Laboratories physicist, Seiji Ogawa, noticed that the visibility of veins in MR images of rat brain at the high field of 4.7 T was enhanced when the rat's blood oxygenation was reduced 2 . Veins appear as dark lines in T2* weighted images, sensitive to local variations in the static magnetic field. He realized that this enhancement was due to the greater magnetic susceptibility of deoxyhaemoglobin as compared with tissue and oxyhaemoglobin, previously noted as early as 1936 which thus acts as an endogenous paramagnetic MRI contrast agent. Ogawa's results were followed up in a study by Turner 4 , using a feline model, which showed that such changes in vascular contrast could be monitored in real time and without motion-related artefact by means of a very fast MRI technique known as echo-planar imaging (EPI), capable of capturing moderately high resolution images of an entire human brain in 3-5 s.
These two studies led directly to corresponding work with human subjects 5, 6 , in which visual stimulation took the place of respiratory challenges in modifying vascular oxygenation. It had been known from PET and other studies 7, 8 that focal increases in neuronal activity give rise to increases in blood flow that surpass changes in oxygen consumption, so that the net oxygenation of blood leaving a neuronally activated area is increased. Thus, this venous blood becomes more similar in its magnetic properties to the surrounding tissue, and causes a local rise in MR image intensity. At typical MRI static field strengths of 1.5 T, this increase is about 4% of the total image intensity, and is thus quite readily observable 9 . Because the arteriolar control of blood flow is spatially well matched to the areas of increased neuronal activity, and changes in oxygen demand also correlate well to these electrical changes, this technique has the potential to provide quite accurate localization of neuronal activity. The change in signal has a vascular origin, and for this reason its time-course (termed the haemodynamic response function) is slow compared with that of the underlying neuronal activity. Typically, the changes take 4-8 s to build up and to decay, as compared with neuronal time constants of a few tens of milliseconds (Fig. 1) .
The change in signal increases with field strength 9 , and so also does the intrinsic image signal-to-noise ratio (SNR). Thus, many fMRI researchers are turning to scanners of 3 T or greater, although certain image artefacts also increase with field strength, as will be discussed later.
Equipment
Excellent MRI hardware is required to obtain functional MRI data of acceptable quality. Until the early 1990s, commercial MRI scanners were not designed to perform the very fast imaging method, EPI, that makes fMRI relatively straightforward.
By 1995, all major MRI manufacturers offered scanners with adequate specifications. There is now increased interest in 3 T scanners, which have higher fMRI sensitivity, and research sites have whole-body systems at field strengths up to 8 T, requiring drastic measures for dealing with image quality problems. Improvements in specifications can result in improved image quality, improved sensitivity, and/or improved data capture rate. Simply stated, the specifications required to obtain useful fMRI data are summarized in Table 1 .
System stability
Image intensity should be stable to within 0.5% short-term, 1% longterm. Because very small fractional signal changes are observed in BOLD contrast, there is a requirement for excellent scanner stability. While global changes of image intensity, which might be caused by fluctuations of radiofrequency transmitter power, for instance, can be removed by image intensity normalization, this decreases by one the degrees of freedom in the data for subsequent analysis. More seriously, hardware-related spatial variations in image intensity can dramatically increase the variance of a data set, and thus reduce the detectability of 
Data acquisition
For fMRI studies of human brain function, subjects normally lie on a bed within the bore of the MRI scanner magnet. During each experimental run of 5-30 min, brain images are acquired continually while the subject performs tasks related to the aspects of brain function under consideration. Each brain volume takes 2-5 s to acquire, and a spatial resolution of 2-3 mm is feasible with most modern MRI scanners.
The most popular type of acquisition is echo-planar imaging 11 , as mentioned earlier, which has several variants implemented by different scanner manufacturers. These include spiral EPI 12 and PRESTO
13
. While advantages have been claimed for these variants, they also have their problems, and the conceptual simplicity, ready availability, and ease of interpretation of EPI data makes it widely used. A typical data set consists of up to several hundred brain volumes, with a single voxel SNR of perhaps 50-100, and amounting to hundreds of kbytes of data.
Task presentation
Tasks relating to neuropsychological and psychophysical hypotheses are presented using a selection of devices from a battery of 'cognitive interface' equipment, that allows the experimenter free rein in designing experimental protocols. This equipment can include apparatus for high quality visual, auditory, tactile, and olfactory presentation, and devices for response monitoring, such as keypads, joysticks and keyboards. It is designed to be compatible with the very powerful magnetic fields used in MRI, and is appropriately shielded to prevent radiofrequency interference with the tiny signals from the nuclear spins that allow reconstruction of MR images. Such equipment is often home-built, although there are now a small number of manufacturers that have developed such specialized devices. It is also possible to monitor EEG signals continuously during scanning 14 , which is useful for studies of such areas as sleep and epilepsy. 15 , where single presentations of the various tasks of interest are separated by a few seconds. Often, event-related paradigms utilise the strategy of randomizing the inter-trial interval, which allows designs of increased statistical power 16 . Experimental designs involving comparisons of conditions each lasting longer than a minute are not recommended, because slow physiological and instrumental signal drifts create significant low frequency noise. However, designs where alternated tasks are repeated in different physiological states are feasible, and a number of studies of brain processes involved in learning have been successfully performed (e.g. Karni et al 17 ).
Areas that have been studied with fMRI range from fundamental psychophysics of various sensory modalities (e.g. Sereno et al 18 ) to investigation of cerebral representation of emotion (e.g. Dolan et al 19 ).
The effects of psychoactive drugs on brain activity have also been studied (e.g. Coull et al 20 ) although special care must be taken to avoid the confounding effects of time of scan.
Sources of error
The signal changes used in fMRI are small, less than 10% of the static signal, at conventional MRI field strengths of up to 3 T. Most of the signal comes from water protons in brain tissue that are not affected by changes in brain activity. Thus the largest potential source of error in fMRI is head motion 21 . If uncorrected, a movement of as little as 0.5 mm can result in a 40% change of signal near a contrast boundary, swamping functionallyrelated intensity changes. However, this motion sensitivity also allows very precise characterizations of head movement, assuming rigid body motion during the inter-scan interval, and using the image data themselves. A number of efficiently-implemented algorithms 22, 23 have become publicly available, which re-align time series of volume images of the brain and remove almost all the error arising from this source. Additional sources of error are thermal noise, which becomes progressively more important for smaller voxel sizes and lower magnetic field strength, and low frequency noise arising from naturally-occurring slow fluctuations of blood flow (vasomotion) 24 and pulsatile cerebral motions deriving from heartbeat and respiration. These can be largely removed by appropriate experimental design (see above) and high-pass filtering of the image data time series.
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Another type of error is the mislocalization of functional signals, in regard to underlying neuronal activity. This can arise from two quite different origins. The first is image distortion and drop-out. Creation of images sensitive to magnetic field changes produced by variations in blood oxygenation entails their sensitivity to endogenous static variations in magnetic field associated with the geometry of the head and the differing magnetic susceptibilities of the head and the surrounding air. If the head and brain were spherical, a uniform external magnetic field would engender a uniform field within the brain. However, the head cavities close to the brain, such as the nasal sinuses and the ear canal, cause perturbations to this desired uniformity which create distortions and even complete loss of signal in EPI brain images. Thus, a functional signal may be displaced as much as 6 mm from its correct location in an undistorted structural brain image 25, 26 , or may even be unobservable because there is no signal from the brain at that point 27, 28 . These problems, which are exacerbated with increasing field strength, fortunately affect a minority of brain image voxels. Drop-out can be overcome by means of acquiring additional images with different imaging sequence parameters, that compensate locally for the effects of head cavities 29 , and image distortion can be corrected by the rapid acquisition of a magnetic field map of the head, which allows rewarping of the image data to its appropriate positions 25, 26, 30 . The second cause of mislocalization arises from the cortical vascular physiology itself. During neuronal activation, regional CBF increases and thus increases the oxygenation of venous blood leaving the activated area. This increase of oxygenation causes an increase in MRI signal wherever it occurs, potentially in large draining veins distant from the site of increased electrical activity. While there has been some empirical research on this issue 31 , it was not until recently that the implications of typical venous geometry have been explored, and limits to the degree of spatial mislocalization have been estimated 32 .
In practice, imaging neuroscience researchers have largely ignored both of these problems, which can be unimportant, particularly in multisubject studies where successful averaging over brains normalized to a common template involves spatial smoothing by as much as 10 mm, a distance large compared with the spatial errors caused by distortion and draining veins. However, as single-subject and clinical studies gain in popularity, greater attention will need to be paid to these concerns.
Data analysis
It is beyond the scope of this article to review in detail methods for data analysis. This is often performed using a software package known as SPM (Statistical Parametric Mapping, <http://www.fil.ion.ucl.ac.uk/spm/>), a Imaging neuroscience: clinical frontiers for diagnosis and management sophisticated implementation of general linear model analysis techniques, which removes known confounds from the data and uses F-and t-tests to estimate the significance of apparent brain activity. Similar packages have been developed in a number of laboratories, and such techniques as cluster analysis 33 and independent component analysis 34 have been explored for the purpose of data-led, rather than hypothesis-led, analysis.
Limitations
The main limitations of fMRI arise from the vascular origin of the signal changes that are correlated with neuronal activity. This imposes physiological constraints on temporal and spatial resolution. The haemodynamic response takes place over several seconds, and it varies somewhat across brain tissue. Thus, a temporal resolution of at best 250 ms can be obtained, and that only in specially designed experiments with a great deal of signal averaging 35 . Normally, a resolution of no better than a few seconds can be expected, much greater than the temporal response of neurons, in the millisecond range.
The spatial resolution is limited by three factors: (i) the imprecision of the vascular control of blood flow; (ii) the resolution of the MR images (in turn limited by available signal-to-noise ratio); and (iii) the contaminating effect of blood leaving activated neuronal tissue with changed oxygenation, which progresses down the venules and draining pial veins to give apparent activation outside of the neurally activated area 31 . For well-designed experiments, in which the differential areas of brain activation are expected to be small, this does not constitute a major problem. A typical value for the spatial resolution of fMRI is about 3 mm. This can be improved using special techniques, to allow visualization of ocular dominance columns, spaced by less than 1 mm 36 . A final limitation, previously mentioned, is due to the high sensitivity of the images to slight variations in the magnetic field used for scanning, required to observe BOLD contrast. Because the magnetic susceptibility of tissue is slightly different from that of air, re-entrant air-filled cavities in the head close to the brain, such as the nasal sinuses and the ear canal, can cause distortion and loss of signal in some brain regions, notably orbitofrontal cortex and inferior temporal cortex. While remedies exist for these problems 25, 29 , they can result in slower and more complex scanning techniques.
Potential
The scope of fMRI is great, as is evident from the range of studies using this technique in this volume of the British Medical Bulletin. Because it Techniques for imaging neuroscience is uniquely non-invasive, has good sensitivity, and gives relatively high spatial and temporal resolution, it has replaced [ 15 O]-PET in many research areas where localization of function is of primary interest. Once some remaining problems, such as dealing with large head movements in uncompliant subjects, have been resolved, there is great potential for longitudinal studies of brain functional development and deficit in childhood, and learning of knowledge and skills at any age. There has been much interest in fMRI for psychiatric studies, although the need for precisely characterized disease conditions, adequate numbers of subjects and controls, and appropriate analysis methods has not always been appreciated. As understanding and methods improve, this is likely to be an area of research that is very productive in new insights regarding localization of brain areas and connections associated with behavioural and cognitive abnormalities. Studies of large numbers of subjects of research interest are feasible, because of the short duration (< 30 min), non-invasiveness, and good subject acceptability of fMRI.
Positron emission tomography (PET)
Basic mechanism
PET
This imaging modality rests on being able to measure the distribution of positron emitting radioisotopes in the body. Although a positron can travel no more than a few millimetres in tissue, it is possible to locate its presence within the body. This is because when the positron stops, it is captured by an electron, and two photons are emitted. These annihilation photons leave the body at approximately 180°to each other and, by using radiation detectors that operate in coincidence, lines through the body are defined along which the positron capture occurred. If sufficient lines of events and angles are sampled, it is possible to reconstruct the three dimensional, tomographic distribution of where the positrons are being captured in the body and the distribution of radioactivity. Hence the term positron emission tomography: PET 37 .
Tracer principle
The reader will be aware of the tracer principle, where a marker is mixed with a material, the fate or distribution of which needs to be determined within a physical or biological matrix. The key factor is that the marker has to follow faithfully the same fate as the substance being traced. Hence, it needs to be in the same physical or molecular form. One answer to this has been to use radioactive forms of the parent Imaging neuroscience: clinical frontiers for diagnosis and management material to act as tracers, the presence of which is clearly identifiable and measurable with high sensitivity. This takes the form of detecting the specific radiation emitted by the radioisotope and its rate of radioactive decay, against a low natural level of background radiation.
Tracing biological systems in vivo
In order to trace physiological/biochemical organic molecules, radioactive tritium ( 3 H 1 ) as a marker substitute for hydrogen ( 1 H 1 ) and carbon-14 ( 14 C 6 ) as a marker of carbon ( 12 C 6 ) have been used extensively. However, these radioisotopes emit low energy β-rays, which mean that biological assays rest on destructive sampling of tissues. To avoid this, there is a need for radioactive forms of hydrogen or carbon which emit γ-rays. Since these rays penetrate through tissue, they can be recorded with radiation detectors placed external to the body. By suitably collimating and calibrating the detectors, the regional tissue concentration and time course of tracer can be measured. From such measurements, the fraction of administered tracer distributed to the tissue of interest and its rate of flux or sequestration into that tissue can be quantified. Using appropriate kinetic models that define the biological fate of the tracer, it is then possible to analyse the recorded data to derive absolute rate constants of exchange or turnover of the substrate. It is these measurements which can be used to investigate the in vivo physiology of normal tissue and the pathophysiology of focal disease, as well as providing objective, functional assessment of treatment.
Positron emitting radio-isotopes
When considering what γ-ray emitting radio-isotopes could be used to radiolabel organic molecules in a way similar to that of tritium and carbon-14, we have the positron emitters of carbon-11 and fluorine-18. The later can substitute in some cases for hydrogen and still retain the molecule's biological activity. Oxygen-15 is also a positron emitter. It has a half-life of only 2.1 min and, therefore, it is difficult to build it into a complex molecule and still have sufficient activity to study. However, it can be used to label water or molecular oxygen for human studies.
Molecular imaging
Hence PET, which not only stands for both positron emission tomography but also positron emitting tracers, provides a means to measure in the body, three-dimensional distributions of tracers radiolabelled with positron emitting radio-isotopes. Carbon-11 and fluorine-18 have relatively short radioactive half-lives of 20.1 and 110 min, respectively. However, rapid radiochemical techniques have been developed to incorporate them into biochemicals and pharmaceuticals to provide sufficient material for imaging
Techniques for imaging neuroscience their uptake in the tissues of the body following intravenous administration 38 . This results in a form of molecular imaging in that, by being able to label specific molecules and image their distribution and time course within the tissues of the body, it is possible to study molecular interactions and pathways. These include neurotransmitter receptor binding sites and metabolic substrate transport
Equipment
Cyclotrons
In order to produce positron-emitting radio-isotopes, in most cases stable elements need to be bombarded with a high-energy charged particle beam. This is provided for with a particle accelerator that is usually a cyclotron. When using such radioisotopes as oxygen-15 and carbon-11, since their half-lives are so short, the cyclotron needs to be located near to where they are to be used. At one time, such equipment, because it was specialised and needed to be heavily shielded, was quite a rare installation within a hospital environment. However, today, there are numerous hospital or distribution centre-based cyclotrons.
Radiochemistry
Shielded lead enclosures known as hot cells, are used to house the chemistry apparatus needed to build the high levels of radioactive carbon or fluorine into the biochemical or pharmaceutical of interest. This process has to be fully automated to avoid exposure of staff to radiation. It is accompanied by a procedure for rapidly determining chemical and radiochemical purity of the labelled compound prior to its administration into humans. In the case of 20.1 min half-life carbon-11, both procedures have to take place within an hour following the production of the radioisotope. Equipment to carry out a number of the more standard radiochemical procedures are now available commercially. Gradually, for standard preparations, this is becoming slightly less specialised. In the case of one of the most simplest of tracers, H 2 15 O, it is prepared in the PET scanning room adjacent to the camera by the catalytic burning of 15 O 2 , piped from the cyclotron and hydrogen.
PET camera
Because data are collected by electronic (coincidence) counting, the use of physical collimation is circumvented. As a consequence, the arrays of detectors viewing the brain are able to effect a relatively large solid angle for accepting counting events. This provides the high sensitivity that is necessary to be able to reconstruct the spatial resolution, accurately follow the time course of a tissue's concentration of a tracer over time, and detect low concentrations (sub-picomolar) of molecular binding.
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The latest camera for the brain is able to survey the whole head and has a spatial resolution of < 2.5 mm across the human brain (Plate II, see end of file p.*22) 39 .
Peripheral monitoring
For studies in which the time course of tracer in the arterial blood also needs to be measured, in order to solve the kinetic uptake of tracer into a tissue of interest, a radial artery is usually cannulated and blood continuously withdrawn over an external detector. In addition, when using a physiological substrate or drug that becomes metabolised within the body, it is necessary to analyse serial blood samples into their constituent parent compound and metabolite components. This requires dedicated chromatographic analysis and high sensitivity detectors.
Data acquisition
Quantitative data collection
With the subject positioned within the PET camera and prior to administering the tracer, a transmission scan is carried out. This involves rotating a point or rod source of activity, usually the long-lived positron emitting source germanium 68/gadolinium 68. When these scan data are ratioed with a blank scan, recorded when there is no subject in the camera, factors are produced for the attenuation of signal that occurs in the subject's head, along each coincidence line of response. The net result of this is that the PET image data can be accurately corrected for attenuation. Hence, the camera's voxel-element response can be calibrated against laboratory detectors used for counting blood samples and the dose of activity administered. This means that concentrations of tracer measured in brain tissue are recorded in the same units as those of blood or plasma samples. Data expressed in common units enable kinetic models, using input functions derived from blood samples, to be operated to derive measures of tracer flux or binding. It also allows a measure of the percentage of the administered dose that is present in a unit volume of brain tissue.
Recording kinetic PET data
When using tracers or ligands labelled with short-lived radioisotopes, co-ordination of timing is of the essence. In particular, the subject has to be prepared and lying in the PET camera in good time, before the rapidly decaying probe arrives from the radiochemists. Blood sample timing has to align with that of the scan times. Following the injection of tracer, the data from the PET camera are collected either within predefined time frames or on an event-by-event bases against time (i.e. list mode data). In the later case, the data can be subdivided post-acquisition into any combination of time frames. With the more advanced cameras, a 90-min time-course study can accumulate up to 10 Gbytes of data. In many cases, arterial blood is continuously withdrawn and monitored, and a number of discrete samples taken to determine the partitioning between plasma to red cell and between parent compound and labelled metabolite. From the total blood data collected, the time course of the plasma concentration of parent tracer or ligand can be derived.
Less invasive PET procedures
What has been described is the data acquisition needed to implement a full quantitative approach. However, in the interest of being less invasive and complicated, procedures have been adopted which avoid blood sampling. This is possible by using an internal reference tissue that only contains non-specific signal such as the cerebellum and which substitutes for an input function 40 . In most cases, the simplification of the more invasive and complicated protocols is only possible after having recorded the full data set and demonstrating that analysis using the reference tissue produces the same accuracy for detecting focal change in function as that using the blood input data. A further example of how a more qualitative data collection is sufficient is in the case of studying regional cerebral activation using H 2
15
O as a marker of cerebral blood flow. Following earlier protocols which effected the full quantitative approach, it was realised that if the interest was mainly in identifying focal changes, then an analysis of the raw integral, flowdependent, cerebral uptake of the tracer would suffice.
Task presentation
The task presentations itemised for fMRI studies in the previous section are very similar to those when PET is used for regional cerebral activation studies whether they involve measures of focal changes in blood flow or ligand displacement. If anything, the logistics of task presentation are simpler with the PET scanner than within the confines of the bore of a MRI scanner where extra precautions need to be taken because of the high magnetic field. For non-activation studies, the subject just has to lie in the PET scanner and not get too distracted or bored over a typical 2-h period.
Types of experiment
Cerebral activation studies apart, a major area of research is that of making observations of the pathophysiology of focal brain disease either Imaging neuroscience: clinical frontiers for diagnosis and management in neurological or psychiatric patients and how this changes over time or in response to treatment. Hence, not only does molecular imaging with PET provide a clinical scientific tool, but also a means to help in the development of new drugs. Here, considerable emphasis is placed on deriving quantitative values for across-group and time comparisons. This is based either on measurements of receptor binding or substrate flux. A good example of the latter is the following up, over a number of years, of patients who have undergone striatal transplants for Parkinson's disease.
Sources of error
The tracer and ligand
Bearing in mind that one is effecting the tracer principle, it is important, when using high affinity ligands to image pharmacologically active binding sites, that the level of cold ligand is kept as low as possible. The goal is to use high specific activity (ratio of radioactive to cold compound) preparations. Otherwise, the cold ligand will block the binding site and perturbate the apparent receptor density. Hence, great care is needed to assay each preparation for the specific activity prior to administration to the subject. If the radiochemical yield is for any reason low, care is needed not to compromise the statistical quality of the data by administering lower than normal levels of radioactivity.
The recorded PET data
Three sources of error can occur in the recording of the primary PET data. One concerns the registration of scattered coincidences. These occur when one or both of the emitted annihilation photons are scattered within the head before they are incident on a detector. As a result, the line through the point of the positron's annihilation will be wrongly defined. In a typical PET brain study, some 35% of the registered coincident events will have been scattered. There are a number of proven successful ways for accurately correcting for the scatter background within the PET data set. Care is needed when implementing to avoid noise amplification and to achieve data that can be quantified. That also is the case when correcting for the registration of random coincidences. Finally, care is needed not to exceed the response of the PET camera when administering high levels of tracer. The error here is the misunderstanding that if more radioactivity is given that there is a proportionate gain in signal. That does not follow since there are dead-time effects which mean that at higher signal rates, less signal is accumulated per unit of radiation dose received by the subject to whom the radioactivity is administered. This becomes of particular concern when studying young patients and especially their age-matched controls.
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The biological kinetic model
As has been mentioned earlier, the recorded PET data are analysed within pre-defined compartment models. These essentially define the biological spaces occupied by the molecular probe and its rates of exchange between these spaces. Most of the models are derived from animal studies, usually of normal tissue. Hence, in the first instance, the model may not hold up in humans because of species' differences. However, of greater concern is how valid is the model for defining the fate of the tracer or ligand in diseased tissue? A compartment model developed in normal, well-regulated brain tissue would have little resemblance to say tissue recovering from a stroke, with gradients of pathophysiology ranging from necroses to ischaemia and hypoxia. Another gross difference would be in transplanted tissue and, of course, neoplasia. The brain tissue of patients, such a schizophrenics who have received chronic neuroleptic medication over many years, could well handle the tracer or ligand in quite a different way from that of normal tissue. Hence, care is needed in interpreting the results of processing PET data through models derived from normal tissue and that changes seen in disease could be due to the inappropriate model. When converting the recorded PET regional brain data into absolute concentrations of tracer, it needs to be appreciated that, if the anatomical structures are smaller than the physical resolution of the PET camera, the data will be diluted. This partial volume effect 41 can be corrected for using the structural MRI scan image.
Non-invasive kinetic studies
While it is tempting to introduce non-invasive methods and use a reference tissue to normalise data or derive input functions, assumptions usually have to be made about the levels of specific binding and rates of exchange within that reference. This does represent a potential source of error that is often difficult to examine in human tissue.
Patient-related error
There are two main sources of patient-related error over and above concerns as to the effects of the disease states. One is head movement during the study and the other is the dietary state of the patient. This is especially important when studying the transport of metabolic precursors (e.g. glucose and L-dopa. Both of these are transported by systems that can be competed for by naturally circulating substrates.
Data analysis
The analytical packages mentioned in the fMRI section used to identify the presence and statistical significance of focal changes in cerebral function Imaging neuroscience: clinical frontiers for diagnosis and management have also been used for analysing PET brain data. The goal is to process a kinetic time sequence of data to produce quantitative, parametric images of entities of the tissue's function. These include rate constants for substrate exchange and sequestration, receptor density, etc. The challenge is to derive these images by operating the analysis on a voxel-by-voxel bases, thereby maintaining the spatial resolution and yet still minimise noise amplification. As a result, attention is being centred on signal averaging techniques and those that are more data, rather than model, led. These include principle components, cluster, wavelet and spectral analysis 42 . The later makes no assumptions on a radioactive probe's compartmentalisation in the tissue, but identifies what are the significant components that are present in the time course data. Carson has recently written an extensive review on analytical techniques used in PET 43 .
Limitations
Lack of chemical resolution
Although PET is the most sensitive means for molecular imaging of the human brain 44 , it has the disadvantage that the recorded signal has no chemical resolution. This follows, since one is detecting the single energy pairs of photons emitted from a positron's annihilation with an electron. Hence, to use the specificity of PET, the signal has to be interpretable as being the administered tracer or ligand with or with out some welldefined, background levels which are low enough to be corrected for. These include radiolabelled metabolites and non-specific binding.
Lack of PET tracers and ligands
A second limitation stems from the fact that although there are numerous molecular probes that work well for in vitro assays, there are no more than a dozen or so which work in vivo. This is due to either rapid in vivo metabolism, poor penetration across the blood-brain barrier or high levels of non-specific binding. Hence, at this time, there is a need for fundamental research to understand further what makes for a good probe with respect to circumventing the above restrictions. Further insight into the discovery of novel probes should lead on to realising the full potential of molecular imaging with PET. One strategy to consider for wide-spread clinical application is to focus on the development of more generic tracers such as [ O for blood flow that have found broad use. A foretaste of such a generic probe is that reported in the accompanying chapter by Banati who describes the use of a PET marker of microglia activation in the brain, a process that accompanies neurological damage.
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Simplification of PET procedures
The use of short-lived radioisotopes such as carbon-11 is quite complex and logistically difficult which limits broad application. This is further complicated by the need to handle large sets of kinetic data and computationally intensive data analysis. One approach to avoid these hurdles is to develop probes labelled with the 110 min half-life fluorine-18. This would allow it to be synthesised at a central distribution point. Secondly, to simplify the recording and analysis of data, more trapped probes, usually in the form of enzyme inhibitors, need to be developed where the kinetic process is frozen to effect static imaging. A good example of such a probe is fluorodeoxyglucose which is transported into the brain in a way similar to natural glucose but is phosphorylated and hence trapped by the enzyme hexokinase 45 . Labelled with fluorine-18, this tracer is used to image regional cerebral glucose utilisation and also is used extensively in oncology for imaging the presence in the body of metabolically active cancer deposits. These uses are interesting given that this molecule was originally developed as an anti-cancer agent 46 .
PET has not realised its full potential for molecular imaging of the brain, either as a research or clinical diagnostic tool. It is upon the research success of PET that the more advanced use of PET in more routine clinical medicine will evolve. Methodological developments are required throughout the whole of the imaging science of PET 47 . However, in particular, it is through the development of more specific probes for receptor and pathway imaging that there is potential to gain further insight into neurochemical perturbations in such diseases as dementia, schizophrenia or depression as well as broadening the support for drug development in general. As the post-genome era matures, such studies would ideally parallel the characterisation of the genetic profiling of patients by measuring the functional phenotype. Plate I Statistical parametric map of BOLD contrast brain activations produced by visual stimulation of a volunteer subject using a reversing checkerboard. Brain coverage 48 slices, voxel resolution 3 mm x 3 mm x 3 mm, echo time 40 ms. MRI sequence was T2*-sensitive gradient-echo EPI. Activation thresholded at P < 0.0001, uncorrected for multiple comparisons. Data obtained with a 2.0 T Siemens Vision MRI scanner at the Functional Imaging Laboratory, Queen Square, London. Thanks to Dr Chloe Hutton for providing the analysed data.
